Stalks of isocrinid crinoids are differentiated into cirri-bearing columnals (nodals) and columnals lacking cirri (internodals). This skeletal differentiation allowed us to test whether stalk fragmentation is random or whether it occurs preferentially at a specific articulation. Our analyses indicate that the patterns of fragmentation in multicolumnal segments of extant isocrinids collected by submersible, by dredging, and in sediment samples, as well as those found as fossils, are nonrandom. The preferred plane of fragmentation corresponds to the synostosis, the articulation between a nodal and the internodal distal to it. In isocrinids this articulation has a characteristic morphology and is the site of autotomy.
Although stalk shedding by autotomy may contribute to the observed patterns, decay experiments on isocrinid stalks, both in situ and in the lab, suggest that post-mortem disarticulation also results in nonrandom fragmentation. Thus both processes, autotomy and post-mortem decay, contribute to the observed pattern of fragmentation. Underlying both processes is the organization of soft tissues at synostoses.
INTRODUCTION
The recent use of submersibles for the study of stalked crinoids has produced a wealth of data on the ecology, morphology, and biostratinomy of these animals (Macurda and Meyer, 1974; Roux, 1980a, b; Conan et al., 1981; Messing et al., 1988; Holland et al., 1991; Baumiller et al., 1991; Llewellyn and Messing, 1994) . Isocrinids have been the focus of most of the ecological and biostratinomic research, whereas the morphology of representatives of all 5 living orders of crinoids has been studied in detail (Grimmer et al., 1984a, b; 1985; Grimmer and Holland, 1990; Holland et al., 1991) . These data have given us a better, though in comparison to other invertebrate groups still rather rudimentary, understanding of living crinoids, which is critical for interpreting fossil crinoids. Fossil crinoid stalks, for example, have often been used for systematic, taxonomic, and biostratigraphic purposes (Gluchowski, 1981; Hagdorn, 1983 Hagdorn, , 1986 Moore and Jeffords, 1968; Schubert et al., 1992; Simms, 1989; Stukalina, 1988) . These approaches have generally relied on interpretations of skeletal morphology. In recent years, however, studies on soft-part anatomy of stalks of living crinoids (Grimmer et al., 1984a (Grimmer et al., , b, 1985 Grimmer and Holland, 1990; Holland et al., 1991) have provided a new perspective to paleobiologists studying crinoid stalks. For example, Donovan (1989) used the absence of muscles in stalks of living crinoids and hardpart morphology of fossils to argue that fossil crinoid stalks also lacked muscles; Baumiller and Ausich (1992) used the distribution of ligaments in living isocrinids to interpret the pattern of fragmentation of Mississippian stalks. These examples illustrate how data on living crinoids can help generate paleontological hypotheses.
This study is a further example of this approach. We used data on the morphology and behavior of living isocrinids to test the hypothesis that there is a preferred site of disarticulation in their stalks. To test this hypothesis we examined stalks of extant isocrinids and subjected a series of them to a set of experimental treatments. Having established that a preferred site of disarticulation exists, we then examined Mesozoic and Cenozoic isocrinid stalks to determine if, in these fossil specimens, the site of disarticulation was the same as in living isocrinids.
ISOCRINID STALK MORPHOLOGY, AUTOTOMY, AND BIOSTRATINOMY
The soft-and hard-part structure of isocrinid stalks has been studied in detail by several investigators (Macurda and Meyer, 1975; Roux, 1974 Roux, , 1975 Roux, , 1977 Donovan, 1984; Grimmer et al., 1985) . The isocrinid stalk is organized into two distinct regions: a short proximal growing region in which new columnals develop, and a distal region in which columnal arrangement and size remain constant. Two types of columnals can be distinguished in the stalk: the nodals, which bear appendages called cirri, and the internodals, which lack cirri. In external appearance the isocrinid stalk consists of repeating segments (noditaxes), each composed of a set of internodals bounded on its distal end by a cirri-bearing nodal (Fig. 3A in Baumiller and Ausich, 1992) . Each segment contains approximately equal numbers of columnals, except for the proximal region where new internodals are intercalated.
The regular pattern of the noditaxis skeletal morphology is also reflected in the organization of isocrinid soft tissues (Grimmer et al., 1985) . In each noditaxis, long ligament fibers, called through-going ligaments, pass through the stereom of the internodals and into the nodal where they terminate (Fig. 3B in Baumiller and Ausich, 1992) . Only short ligament fibers, called intercolumnal ligaments, penetrating no deeper than tens of microns into the stereom, connect the nodal to the adjacent distal internodal, called the infranodal. This pattern is then repeated in the subsequent noditaxis. Thus the stalk is subdivided into noditaxes, each held together by long ligaments and connected to other noditaxes by articulations bearing only short ligament fibers. The latter type of articulation is called the synostosis. The synostosis is easily distinguished from other types of articulations (symplexies) in living and fossil isocrinids because of its relatively featureless skeletal morphology (Hagdorn, 1983; Donovan, 1984) .
Observations of living isocrinids in situ and in the lab have shown that distal parts often disarticulate from the rest of the stalk (Baumiller et al., 1991) . When such disarticulation occurs, it invariably does so at a synostosis. As a result, the most distal columnal of the stalk is a cirri-bearing nodal. The disarticulation of parts of the stalk in a living animal has been interpreted as autotomy and the synostosis is judged to be the articulation specialized for autotomy (Roux, 1974 (Roux, , 1977 Emson and Wilkie, 1980; Wilkie and Emson, 1988; Oji, 1989) .
The details of how crinoids autotomize stalk segments have not been worked out, but it is believed that the mutable collagenous tissue (MCT) composing the ligaments must be involved in this process (Emson and Wilkie, 1980; Motokawa, 1984; Wilkie, 1984) . The physical properties of the MCT's, such as stiffness and viscosity, may be controlled by the organism; autotomy may involve the active reduction of the stiffness and/ or viscosity of the ligament. It is not known why or how frequently autotomy of stalk segments occurs. If shedding of distal stalk segments is frequent, the majority of multicolumnal segments (pluricolumnals) found in the sediment should terminate distally at a nodal rather than an internodal.
Alternatively, a pattern of nodalterminated pluricolumnals could be produced by another mechanism: the differential resistance of synostosial and non-synostosial articulations to decay. Baumiller and Ausich (1992) argued that synostoses, because they lack thicker, through-going ligaments and because they may bear special structures facilitating autotomy, would be the first to disarticulate following death, thus producing nodal-terminating pluricolumnals. Decay experiments on four short stalk fragments of the isocrinid Cenocrinus asterius (Linne) confirmed this prediction: the stalk segments disarticulated first at the synostosial articulations, while the other articulations remained intact for several days longer.
These results, and the observations of living crinoids in situ and in the lab, suggest that isocrinid pluricolumnals in modern sediments and as fossils should be characterized by nodal-terminated segments. Alternatively, if the processes of differential decay and/or shedding are unimportant, the pluricolumnals found should be terminated at a random columnal, i.e., either at a nodal or at an internodal. Since, in a given stalk, the number of internodals exceeds the number of nodals by approximately an order of magnitude, a random pattern of disarticulation would produce many more pluricolumnals terminating in internodals than in nodals. The goal of this study is to test whether the pluricolumnals in experimental and natural settings, and those preserved as fossils, exhibit the expected non-random pattern, i.e., with the nodal as the distalmost (terminal) columnal.
LABORATORY EXPERIMENTS
The decay experiments conducted by Baumiller and Ausich (1992) were limited in scope: only four incomplete stalk segments were used, the specimens had been frozen prior to the experiments, the complete sequence of disarticulation was observed over a period of only 6 days, with only a single specimen observed during an additional 15-day period and under modified experimental conditions, and only a single species was tested. In an attempt to extend and confirm those results, the decay sequences of 12 specimens of two different isocrinid species [(Endoxocrinus parrae (Gervais) and Chladocrinus decorus (Carpenter)] were observed for up to 60 days ( Fig. 1) . The specimens were placed in 60-liter, aerated, sea-water tanks and maintained in the dark at either 18 or 20? C. They were monitored daily and the patterns of fragmentation were recorded. The results largely confirm the conclusions of the previous study (Baumiller and Ausich, 1992) : the synostoses fragmented before the symplexies (articulations between internodals) did, yielding isolated noditaxes; but unlike the previous study in which all synostoses fragmented before any of the symplexies did, in this instance some synostoses remained intact longer than several of the symplexies.
To statistically test whether synostoses have a higher probability of fragmentation, the observed patterns of disarticulation were compared to patterns expected under the null hypothesis of an equal probability of fragmentation for all articulations (H0: probability of synostosial break = probability of symplectial break). To obtain the patterns expected under the null model, the disarticulation of each of the 12 stalks used in the experiments was simulated by a QuickBASIC program. The articulations at which fragmentation occurred were selected by a random number generator and a running count was kept of how many of the breaks were synostoses (the initial ratio of synostoses to symplexies was 1:10 for Endoxocrinus parrae and 1:14 for Chladocrinus decorus). As the number of breaks in the simulation reached a stage of disarticulation corresponding to that in the experiment, a comparison was made between the simulated and the observed pattern. If the number of broken synostoses was smaller in the simulation, the simulation was counted as "non-random"; otherwise it was counted as "random." This procedure was continued until the number of simulated breaks corresponded to the maximum number of breaks in the given experiment. The entire procedure was repeated 1000 times, keeping "non-random" and "random" scores. If after 1000 simulations the "random" score was lower than 50 (corresponding to a "nonrandom" score greater than 950), the null hypothesis was rejected at P < 0.05. By repeating the simulations for each of the 12 stalks, it was possible to determine for which, if any, stages of disarticulation the "random" model could be rejected.
The results, shown in Figure 2 , suggest that in almost all stages of disarticulation in nearly all stalks, the "random" model can be rejected, i.e., that synostoses have a higher probability of disarticulation. Generally, the model cannot be rejected only in the initial and final stages of disarticulation. But this is as expected, since for the very first break the random probability of it corresponding to a synostoses is 1/10 (0.1) for Endoxocrinus parrae and 1/14 (0.07) for Chladocrinus decorus, i.e., for both taxa it is higher than the 0.05 threshold for rejecting the random model. Likewise, as disarticulation proceeds to completion past the stage at which all synostoses had been broken and symplexies begin to disarticulate, the random probability again approaches 1/10 for E. parrae and 1/14 for C. decorus and the random model cannot be rejected.
In conclusion, the results of the decay experiments confirm that the synostosis is the plane of post-mortem weakness, that it preferentially disarticulates during decay, and that Decay days FIGURE 1 -Results of decay experiments on Endoxocrinus parrae and Chladocrinus decorus. The total number of synostosial (Sto) and symplectial (Spo) articulations was counted in each specimen at the start of the experiment. The degree of fragmentation of each type of articulation is plotted through time. Fragmentation is expressed for each specimen as the ratio of number of fragmented articulations to the total number of such articulations: synostoses = St = Stds,,t/ Sto; symplexies = Sp = Spsar,/Spo. The subscripts correspond to different individuals. C. decorus at 20? C: St1, Spl; St2, Sp2; St3, Sp3; St7, Sp7: E. parrae at 20? C: St4, Sp4; St5, Sp5; St6, Sp6; E. parrae at 18? C: St8, Sp8; St9, Sp9; C. decorus at 18? C: St10, Sp10; St11, Sp11; St12, Sp12.
the resulting pattern of pluricolumnals should be dominated by those terminating on a nodal (Fig. 3A) .
IN SITU EXPERIMENTS AND STATISTICAL ANALYSES
To determine whether the predicted pattern of stalk segments terminating on nodals can be observed in nature, we performed an additional experiment and examined dredged specimens and sediment samples collected in the vicinity of living isocrinids.
In the in situ experiment, we collected live Endoxocrinus parrae and Chladocrinus decorus via a suction hose apparatus on the submersible Johnson Sea Link in 420-430 m south of West End, Grand Bahama Island (see Llewellyn and Messing, 1994 for study site details). Specimens of both species were placed, either live or sacrificed (by freezing), inside pantyhose (Hanes?) legs, tied off, weight- Total number of breaks FIGURE 2-Comparison of patterns of fragmentation of simulated stalks to experimentally decayed stalks. The data represent the comparison of 1000 computer simulations generated under the null model (no differences in probability of fragmentation between synostoses and symplexies) to data from lab decay experiments. The heavy horizontal line corresponds to 50 simulations with an equal or a greater number of disarticulated synostoses than observed in the decay experiments; for data below the line, the null model is rejected at P < 0.05. The numbers in the legend correspond to the stalks listed in Figure 1 .
ed from a plastic-covered SCUBA weight, and returned to the collection site. The pantyhose fabric allowed ambient water to circulate around the crinoid carcass while providing a means of retaining the products of taphonomic breakdown. Three specimens were recovered after 2 months and two after 5.5 months. The arms and calyx of all specimens dissociated completely, but even for those remaining at the site for 5.5 months, some articulated stalk segments were recovered. In the majority (60/73) of recovered nodalbearing segments, the nodal was at the terminal end (Table 1) .
To assess whether the observed pattern was consistent with a random or a non-random pattern of breakage, we formulated and tested a null hypothesis in which the pattern was random. Under this random model, every articulation has an equal probability of fragmentation. For a pluricolumnal consisting of x plates, there is an equal probability (1/x) that any of the plates will lie at its distal end. If only one of these plates is a nodal, there is a 1/x probability that the pluricolumnal will terminate in a nodal. Correspondingly, the probability that the pluricolumnal terminates in an internodal is (x -1)/x. For a segment consisting of 5 plates, a nodal and 4 internodals, there is a 20 % probability that the distal plate is a nodal; for a segment with 7 internodals and a nodal, that probability is 12.5%. The probability that both segments terminate at a nodal is 0.025, i.e., the product of probabilities for individual segments (0.125 x 0.2). If a third pluricolumnal, consisting of only three columnals, is considered, the probability that all three possess a nodal at the distal end is 0.008 (0.33 x 0.125 x 0.2). If these three pluricolumnals constituted our sample, we would reject the null hypothesis at P < 0.01, and conclude that the pattern is more consistent with the scenario that fragmentation is more likely at the synostosis. If, however, the third pluricolumnal terminated at an internodal, testing for non-randomness would prove more difficult. We chose the conservative approach and asked the following question: assuming all three segments were of equal length and that the length corresponds to the shortest segment (3 columnals in our example), what is the probability that 2 of these segments would terminate in a nodal? We can apply the binomial equation to answer this question: n! P(x) = pn-x) q x!(n-x)! where P(x) is the probability that the event will occur x times in n trials; p is the probability that the event will occur in any given trial; and q = 1 -p is the probability of the event not occurring. In our example, x = 2, n = 3, and, since we have made the assumption that all segments are of equal length of 3 columnals, one of which is a nodal, p, the probability that a nodal lies at the distal end in any of these segments, is 1/3, while q, the probability that an internodal is at the distal end, is 2/3. The value of P(x) in this example is 0.26; thus we cannot reject the null hypothesis and must conclude that the sample of three pluricolumnals represents a random pattern of breakage. The approach is conservative because the shortest pluricolumnal is used to calculate the values of p and q; in the extreme case of a pluricolumnal consisting of two plates, a nodal and an internodal, both p and q would have a value of 0.5. This approach therefore overestimates the value of p and underestimates the value of q for all pluricolumnals in the sample except the shortest one. The calculated P(x) is therefore maximized, making it more difficult to reject the null hypothesis.
The above approach can be applied to any sample of pluricolumnals by obtaining the values of n, the number of pluricolumnals with at least a single nodal, of x, the number of pluricolumnals with a nodal at the distal end, and of p, which is the ratio of nodals to total number of columnals in the shortest specimen in the sample. For a sample in which all pluricolumnals contain more than a single nodal, p is just the reciprocal of the number of plates in an individual noditaxis.
When applied to the data from the pantyhose experiment, the statistical test confirms the initial impression: when taken together, 60 of 73 nodalbearing segments terminated in a nodal, and even under the most conservative assumption of 2 columnals/ segment, the random model was rejected at P < 0.001 (Table 1 ). The synostosis is thus the preferred site of disarticulation.
PLURICOLUMNALS IN SEDIMENT SAMPLES, AND STALKS OF DREDGED AND COLLECTED SPECIMENS
Sediment samples were collected in the same area and depth and by the same means as the live specimens in the pantyhose experiment (see Llewellyn and Messing, 1994 for details of sampling). The submersible's standard collecting buckets were covered with 0.0625-inch2 plastic mesh which retained the coarse sediment fraction. Following ascent, retrieved sediment was preserved in alcohol and subsequently washed through a standard series of sieves. The majority of retrieved crinoidal material (>-2 mm) consisted of individual crinoid columnals; pluricolumnals were rare. The suction apparatus is sufficiently powerful to pick up complete isocrinids and even pieces of rubble, so it is unlikely that individual columnals were preferentially sampled. Of the retrieved nodal-bearing pluricolumnals, 25 terminated at nodals and 1 at an internodal (Table 2) . Again, using the binomial test described above, the pattern of disarticulation was non-random with respect to articulation type: synostoses were more susceptible to fragmentation.
The preferred disarticulation of synostosial articulations was tested with two additional data sets consisting of dredged and collected specimens of isocrinids. The Museum of Comparative Zoology (Harvard University) houses isocrinid specimens dredged from a depth of 176-248 m in the vicinity of St. Vincent, eastern Caribbean, by the Blake expedition in 1878-1879 (MCZ 8; MCZ 232; MCZ 269). Several of these were preserved in alcohol, but a majority were dried. Although many crowns and arm clusters are available, the majority of the handling. We repeated the procedure used with previous data on these stalk segments and a majority, 105 out of a total of 186, terminated at nodals ( Fig. 3B ; Table 3 ). Using the conservative assumption of 2 nodals/segment, the random model of breakage was rejected (P < 0.001). The same approach was applied to 180 specimens (crowns with column attached of 3 isocrinid species collected via the Johnson Sea-Link in 265-530 m off Grand Bahama Island (Messing and Llewellyn, in prep.) . In 156 of these specimens, the nodal was the terminal column (Table 4) ; this again indicates non-random fragmentation even under the most conservative assumption (P < 0.001).
The above examples demonstrate that in nature, as in the laboratory, a preferred plane of stalk disarticulation exists and corresponds to the synostosis. It is not possible to discriminate between those segments produced by autotomy, disarticulation or mechanical breakage, but the overall pattern is non-random.
DISARTICULATION PA'lTERNS IN FOSSIL ISOCRINID STALKS
Although counts of stalks subjected to experimental and natural conditions confirm predictions based on morphological analysis, i.e., that synostoses are the preferred sites of disarticulation, these results are not sufficient to conclude that fossil isocrinid stalks ought to exhibit the same patterns. Actualistic results may not be applicable to fossil material for at least two reasons: (1) biostratinomic patterns can be smeared or altered during burial and fossilization, and (2) fossilized taxa may have had different soft-tissue morphology, resulting in different taphonomic behavior. To determine whether the actualistic results could be extended to the fossil record, we examined collections of fossil isocrinid pluricolumnals from the MCZ and the National Museum of Natural History, Smithsonian Institution (NMNH). These collections of stems are from numerous localities throughout Europe and range in age from Triassic to Eocene. The pluricolumnals represent a variety of isocrinid species and were probably collected non-randomly; it is likely that longer pluricolumnals were preferentially selected. It is highly unlikely, however, that the collectors exhibited any bias for segments terminating in nodals; in-stead, they probably collected long pluricolumnals indiscriminately. Since the presence of cirral scars allows for the recognition of nodals in fossils even when no cirri are preserved, the frequency of segments terminating in nodals versus internodals could be determined from the specimens. Thus, we were able to repeat the procedure used in the previous experiments, to determine the frequency of the two types of segment. We selected all isocrinid pluricolumnals which allowed us to test the hypothesis that synostoses are the preferred sites of disarticulation. The sample thus included all pluricolumnals in which a nodal was present (Appendix 1). Just as in the actualistic examples, the majority of fossil pluricolumnals terminated at nodals (384 of 410) ( Fig. 3C, D ; Table  5 ). The statistical analysis confirmed that the pattern was not consistent with a random model even under the most conservative assumption of 2 columnals/segment (Ho rejected at P < 0.001). The synostoses, once again, prove to be the preferred sites of disarticulation.
DISCUSSION AND CONCLUSION
By investigating multi-columnal segments from living and fossil isocrinid stalks, a non-random pattern has been revealed. The majority of isocrinid pluricolumnals terminate at a nodal, though this columnal is under-represented relative to internodals in all isocrinids. At least two mechanisms could be responsible for generating this pattern: shedding, by autotomy, of distal noditaxes by the living organism, or lower post-mortem resistance of the synostosis to disarticulation.
Whether shedding of stalk fragments occurs in nature has not been determined, but indirect evidence suggests that such shedding does occur: the stalks of dredged isocrinids and those collected by submersible commonly break and the breaks coincide with a synostosis (Rasmussen, 1977) . This could be attributed to the lower strength of this articulation as argued by Rasmussen (1977) , but the stalk breaks even when no force is applied; it is more likely that the animal is actively shedding parts of the stalk under unfavorable conditions. Shedding has also been used to explain why the isocrinid Metacrinus rotundus possesses a relatively short stalk in spite of its unusually high growth rate (Oji, 1989) . Shedding may be supported by the fact that there is no distal taper in stalks of large isocrinid specimens, whereas small individuals may display a distal taper in column diameter. Since the most distal columnals are formed during early stages of ontogeny, their diameter should be the smallest. The lack of a distal taper in large individuals suggests that the oldest columnals have been shed. An alternative explanation would require an increasing proximal to distal radial growth gradient. Shedding is a more likely explanation and deserves future attention. The pattern of post-mortem disarticulation has been demonstrated with experiments, both in situ and in the lab. The actual mechanism responsible has not been identified; Baumiller and Ausich (1992) proposed that symplexies may be more resistant because of the presence of through-going ligaments or because structures promoting autotomy at synostoses reduce the integrity of ligaments even after death. Again, more research is required to identify which of these two mechanisms is responsible.
The greater frequency of nodalterminating pluricolumnals may be the result of both processes, shedding and post-mortem disarticulation. Both processes reflect the same underlying cause: the organization of soft tissues at synostoses. This mode of soft-tissue organization must have been present in Triassic isocrinids, as is suggested by their patterns of fragmentation. Thus, among these early isocrinids, skeletal differentiation (synostoses/symplexies) (Hagdorn, 1983; Simms, 1988) and soft-tissue differentiation were both present. A question which we cannot answer with certainty, however, is whether softtissue differentiation preceded the evolution of synostoses among the articulates. Baumiller and Ausich (1992) have suggested that some Mississippian crinoid stalks, while lacking skeletal differentiation, possessed soft-tissue organization analogous, or homologous, to the isocrinids. They further argued that the ability to autotomize need not be associated with a skeletal signature. Their conclusion needs further testing, but if correct, would make the recognition of autotomy in fossils much more difficult. Yet autotomy is an important trait not only because of its biomechanical and paleoecological implications, but also because it could prove to be a useful character for phylogenetic analyses. However, if this trait cannot be recognized on purely morphological criteria, other means must be used for its identification. The pattern of fragmentation method used by Baumiller and Ausich (1992) is applicable only in very special circumstances, while the methods used in this study still essentially rely on recognition of skeletal differences. Other methods for recognizing autotomy, such as additional non-random patterns of fragmentation or geochemical signatures associated with autotomy planes, may be available but need testing with living and fossil material. 
